W
e live under constant attack by viruses, and understanding both how viruses invade and how we fight them may help us to take action against them. In the host, the battle against viral invasion begins with recognition, and a report on LGP2, a member of the RIG-I-like receptor family, by Satoh et al. in this issue of PNAS (1) sheds new light on the mechanisms of cytoplasmic virus recognition. This report provides evidence, in contrast to previous findings, that LGP2 functions as a positive regulator of virus recognition and subsequent antiviral responses ( Fig. 1) .
At least three protein families are involved in the recognition of virus-specific components, typically double-stranded (ds) or single-stranded (ss) RNA and DNA, by innate immune cells: the Tolllike receptors (TLRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs), and the retinoic acid-inducible gene I (RIG-I)-like receptor (RLRs). RLRs, the focus of this commentary, are members of the DExD/H box-containing RNA helicase family and are responsible for cytoplasmic virus recognition and ensuing signaling leading to type I interferon (IFN) and inflammatory cytokine production. Two RLRs, RIG-I and MDA5, sense specific viruses including influenza A, Sendai, and vesicular stomatitis viruses in the case of RIG-I, and encephalomyocarditis and murine hepatitis viruses in the case of MDA5, through recognition of 5′-triphosphorylated and uncapped ssRNA or dsRNA (2-4), species not found among endogenous self-RNA. RIG-I can also detect 5′-triphosphorylated dsRNA transcribed from AT-rich dsDNA, or DNA from bacteria or DNA viruses, by DNA-dependent RNA polymerase III (Pol III) (5, 6) .
The third RLR, LGP2, contains helicase and C-terminal domains (CTDs) homologous in sequence and structure to those of RIG-I and MDA5 (7, 8) .
LGP2 binds with higher affinity than either RIG-I or MDA5 to dsRNA and ssRNA via the CTD, which folds to form a basic RNA-binding groove bounded on one side by a critical RNAbinding loop (9) (10) (11) (12) . However, LGP2 lacks the two caspase recruitment domains (CARDs) present at the N termini of RIG-I and MDA5 that mediate homotypic interactions involved in the assembly of a complex with the essential RLR adapter IFN-β promoter stimulator 1 (IPS-1; also known as MAVS, VISA, and Cardif) and other downstream molecules. The absence of any CARD in LGP2, together with in vitro data demonstrating that transient overexpression of LGP2 inhibited IFNstimulated response element (ISRE)-dependent reporter gene transcription upon Newcastle disease virus or Sendai virus infection (7, 8, 13) , prompted the view that LGP2 functions as a negative regulator of signaling initiated by RIG-I and MDA5, which sense these paramyxoviruses.
However, the function of LGP2 in virus recognition and signaling has remained controversial. In support of the proposed inhibitory role of LGP2 in RIG-I signaling, mouse embryonic fibroblasts (MEFs) from mice with a targeted deletion of LGP2 produced increased amounts of IFN-β and active NF-κB in response to transfected poly-I:C relative to wild-type MEFs (14) . In addition, Lgp2 −/− mice displayed enhanced resistance to intranasal infection with a lethal inoculum of vesicular stomatitis virus (VSV), known to be sensed by RIG-I. In contrast, Lgp2 −/− mice showed increased susceptibility and decreased serum levels of type I IFNs and interleukin (IL)-6 in response to i.p. infection with encephalomyocarditis virus (EMCV), which is detected by MDA5.
Using Lgp2
−/− and Lgp2 K30A/K30A mice (both independently generated, the latter homozygous for a mutation in the helicase ATP-binding site), Satoh et al. address the role of LGP2 in resistance to viruses sensed by RIG-I and/or MDA5. LGP2 functions specifically in conventional dendritic cells (cDCs), and both mutant alleles negatively influenced IFN-β production by cDCs responding to EMCV, Mengo virus, VSV, Sendai virus, Japanese encephalitis virus, and reovirus, although responses to influenza virus or to transfected poly-I:C were normal. Similar results were found for MEFs, in which reconstitution with wild-type LGP2 restored EMCVinduced IFN-β production. Lgp2 −/− and Lgp2 K30A/K30A mice displayed increased susceptibility to EMCV infection in vivo, showing undetectable serum levels of IFN-β after infection. These findings are bolstered by experiments demonstrating impaired activation of ISRE and NF-κB response elements, as well as reduced K30A/K30A mice showed no developmental defects, indicating that the function of LGP2 in development may be distinct from its role in viral sensing.
To probe the mechanism by which LGP2 participates in virus recognition and signaling, Satoh et al. use the Lgp2 K30A allele to show that the LGP2 ATPase domain is critical for IFN-β production and viral resistance. The Lgp2 K30A allele was equivalent to the Lgp2 deletion allele in its effect on antiviral responses in vitro and in vivo. Importantly, overexpression of the CARDs of either RIG-I or MDA5 in Lgp2 −/− MEFs activated the IFN-β promoter, suggesting that LGP2 functions upstream of RIG-I and MDA5. Satoh et al. propose that LGP2 may function to modify viral RNA by removing viral RNAbinding proteins, altering the conformation of RNA or perhaps modulating the intracellular localization of viral RNA, thereby facilitating recognition by RIG-I or MDA5 (Fig. 1) . Consistent with this hypothesis, Lgp2
−/− cells display intact IFN-β production in response to transfected poly-I:C that lacks complex secondary and ribonucleoprotein-induced structure. Whether the LGP2 helicase domain actually needs to unwind RNA to mediate antiviral responses was not investigated, but neither RIG-I nor MDA5 requires helicase activity for dsRNAinduced IFN induction (15, 16) . With the exception of influenza, LGP2 deficiency appeared to affect MDA5-dependent
LGP2 works upstream of RIG-I and MDA5 to potentiate viral RNAinduced signaling.
responses to viruses more severely than RIG-I-dependent responses, possibly because on its own, MDA5 has weaker RNA-binding activity than RIG-I (9). Thus, LGP2 may specifically aid MDA5 in viral RNA recognition by promoting recruitment or conformational alteration of viral RNAs. Significantly, the findings of several groups probing the mechanism of LGP2 action are consistent with Satoh and colleagues' hypothesis that LGP2 structurally modifies or recruits viral RNA to facilitate detection by RIG-I and/or MDA5. Previously, direct binding of LGP2 to dsRNA was proposed to sequester viral RNA from RIG-I/MDA5, preventing signaling.
Whereas this may be true in the case of LGP2 overexpression, which has consistently been found to inhibit RIG-I-and MDA5-mediated antiviral responses, the results of Satoh et al. suggest that LGP2 binds to RNA to mediate conformational changes that promote recognition by RIG-I and MDA5. LGP2 has also been shown to interact with RIG-I via its CTD (17) . The RIG-I-LGP2 interaction was hypothesized to prevent RIG-I from oligomerizing with itself and with IPS-1, thereby blocking downstream signaling. However, such an interaction may represent recruitment by LGP2 of RIG-I to its ligand. Finally, LGP2 was shown to interact with IPS-1, potentially blocking binding by IKKi, an activator of IFN regulatory factor 3 (IRF3) and IRF7 (13) 
